Nowadays superconductors serve in numerous applications, from high-field magnets to ultra-sensitive detectors of radiation. Mesoscopic superconducting devices, i.e. those with nanoscale dimensions, are in a special position as they are easily driven out of equilibrium under typical operating conditions. The outof-equilibrium superconductors are characterized by non-equilibrium quasiparticles. These extra excitations can compromise the performance of mesoscopic devices by introducing, e.g., leakage currents or decreased coherence times in quantum devices. By applying an external magnetic field, one can conveniently suppress or redistribute the population of excess quasiparticles. In this article we present an experimental demonstration and a theoretical analysis of such effective control of quasiparticles, resulting in electron cooling both in the Meissner and vortex states of a mesoscopic superconductor. We introduce a theoretical model of quasiparticle dynamics which is in quantitative agreement with the experimental data.
Nowadays superconductors serve in numerous applications, from high-field magnets to ultra-sensitive detectors of radiation. Mesoscopic superconducting devices, i.e. those with nanoscale dimensions, are in a special position as they are easily driven out of equilibrium under typical operating conditions. The outof-equilibrium superconductors are characterized by non-equilibrium quasiparticles. These extra excitations can compromise the performance of mesoscopic devices by introducing, e.g., leakage currents or decreased coherence times in quantum devices. By applying an external magnetic field, one can conveniently suppress or redistribute the population of excess quasiparticles. In this article we present an experimental demonstration and a theoretical analysis of such effective control of quasiparticles, resulting in electron cooling both in the Meissner and vortex states of a mesoscopic superconductor. We introduce a theoretical model of quasiparticle dynamics which is in quantitative agreement with the experimental data.
The presence of excess quasiparticles (QPs) is often characterized by an effective electron temperature T which exceeds the temperature of the phonon bath T 0 . The resulting overheating is known to be the origin of such effects as decoherence in qubit systems [1] [2] [3] , decrease of the quality factor of superconducting resonators [4, 5] , the excess current in single-electron turnstiles [6] , and low efficiency of electronic cooling in normal metal (N) -insulator (I) -superconductor (S) junctions [7, 8] . In short, overheating is a major factor limiting the performance of S mesoscopic devices. More than the overall QP number N qp , the critical parameter is the location of these excess QPs. For instance, for tunnel junction circuits, it is crucial to avoid the QPs in a superconductor nearby the junction, while the extra QPs located further away are of less concern. To suppress overheating in a superconductor one aims at lowering the generation of extra QPs in the whole superconductor using proper electro-magnetic shielding of the device, and decreasing of QP density by introducing QP traps (see e.g. [9, 10] ), by optimizing the device geometry [6, 11] , or by cooling using the tunnel junction to another superconductor with a larger gap [12] [13] [14] . The second method allows one to move QPs away from critical locations and relax them. QP traps have become an important element in designing devices for mesoscopic physics and metrology.
The most common ones among different types of QP traps are normal metal sinks [15] [16] [17] , Andreev bound states in weak links [18] , special S gap engineering [ non-uniform superconducting states induced by an external magnetic field [4, [25] [26] [27] . Here we focus on the magnetic field controlled trapping, a method which has a number of advantages. The regions with the reduced gap in this case are of the same material as the rest of the device and therefore match perfectly the S parts without barriers or interface potentials. Besides, magnetic field gives the possibility to make tunable traps allowing, for example, the modulation of a resonator quality factor, needed for giant pulse formation (or Q-switching) in pulse lasing (see, e.g., a book [28] ). The controllable use of such traps in various applications mentioned above assumes, certainly, understanding of their cooling capacities, which is necessary to optimize the designing of the particular trap configurations for different mesoscopic devices.
Our work aims to the solution of this ambitious and important problem focusing on both experimental and theoretical study of individual traps which appear in the Meissner and vortex states. To build a quantitative model of these traps we choose to verify it by the experimental measurements of the characteristics of nonequilibrium QP distributions in a mesoscopic S island (Al) in a single-electron transistor (SET) set-up with normal metal (Cu) leads. This particular device appears to provide a very convenient way to tune both the trap pattern applying an external magnetic field to the S island and the number of nonequilibrium QPs injected in the island in the Coulomb blockade conditions by operating it as a turnstile of single electrons [29] . The turnstile operation frequency f of the gate voltage modulation controls QP injection rate. This set-up allows one to probe single QP excitations in the superconducting dot by measuring the average turnstile current under pumping conditions [6] (ideally this current equals ef ) and to independently control the vortex number in the superconductor [11] . The resulting trap model has perfectly proved its validity and efficiency in this set-up which can be used in future applications.
Results
Qualitative description. We illustrate the key idea of QP redistribution by Fig. 1 in an S island with a large central part and two narrow extensions, called Sample A. In the absence of magnetic field acting on the sample, B = 0, the QP density n qp is nearly uniform in the S island with constant gap E g (x) = ∆ 0 , provided the heat diffusion length L T R is large compared to the size of the central part R (see Fig. 1(a) ). A small perpendicular magnetic field, typically few mT, which induces Meissner screening currents flowing along the superconductor edges reduces the gap E g (x) mostly in the wide central part of the island but not in the narrow extensions near the junctions [31] . Due to this non-uniform gap potential
, QPs illustrated by red circles are redistributed so that their density is small at the junctions (see Fig. 1(b) ). However, the total QP number is larger than that at B = 0 due to its exponential dependence N qp ∝ e −E g,min /k B T on the minimal gap E g,min = min x E g (x)
over the island, where k B is the Boltzmann constant. A vortex in the island leads to further QP redistribution because it plays a role of a QP potential well containing a lot of QPs as shown in Fig. 1(c) . Despite its simplicity, the theoretical model that we present below yields a quantitative fit to the experimental data on the magnetic field and frequency dependencies of the pumping current, and thus to the QP distribution, rendering the turnstile an efficient probe of QP dynamics and relaxation. DC measurements of the S gap. To probe the magnetic field induced changes in the gap of a S disc, we first measure a more basic structure, which we call Sample B (see Fig. 2(b) ). It is formed of a S disc, mimicing the central part of Sample A ( Fig. 2(a) ), directly connected via tunnel junctions to normal leads at its edges. Measuring electron transport through the disc while applying perpendicular magnetic field H allows us to access the field dependence of the gap value E g (H) at the edge of the disc and to control the vortex state.
This way we can determine the critical fields for transitions between states with different vorticities m via simple dc transport measurements (similar approach as in Ref. [11] ). We carried out current biased dc measurements at a gate voltage that suppresses the Coulomb energy (for the electrical configuration, see red and black lines in Fig. 2(c) ). The experiments have been performed at a bath temperature of T 0 ∼ 60 mK (well below the S gap ∆ 0 at B = 0 and the Coulomb energy E C = e 2 /(2C), where C is the total capacitance of the island). Note that B is the actual field seen by the sample, while the applied magnetic field H differs from later due to some screening by the sample holder used for shielding the sample from the environment (see Supplementary Note 1 for details). anomalous (−i sin θ) Green functions
with the effective depairing parameter Γ = 2D v 
taking into account that the vector potential A in the superfluid velocity
is proportional to magnetic field B while the S phase distribution ϕ is determined by vortex sources. Here α i are numerical fitting parameters, B c denotes the field value of the first vortex entry and m is the total vorticity. The estimate B c ∼ Φ 0 /πRξ ∼ 10 mT based on ξ ≈ 100 nm and R ≈ 0.5 µm is rather close to the value B(H (1) in ) 14.4 mT from our dc measurements. Here Φ 0 = h/2e is the flux quantum. More accurate estimates of B c can be done numerically, e.g., within the Ginzburg-Landau approach for a concrete sample geometry [12, 13] . According to [7] in a narrow strip [7] . In the fitting we assume that both jump-like and knee-like anomalies in the V (H) are associated with the change of vorticity [11] and verify this applying the same parameters to has the highly non-uniform distribution of the gap ( Fig. 1 ) under magnetic field. To probe the magnetic field dependence of non-equilibrium QP states, we measure the current I in turnstile mode averaged over the period of the drive τ 0 = 1/f [29] . We apply a fixed bias voltage V bias = 100 µV and sinusoidal gate voltage C g V g /e = n g (t) = n in(out) . Indeed, for k = 1 at these fields, we have
out ) which leads to the efficient redistribution of QP density even without any vortex (see Fig. 1(b) ). Despite the absence of anomalies at the vortex entries, it is possible to estimate the value H (1) in by varying the value of the initial field: the discontinuous anomaly at H (1) out is only visible for a field amplitude in a sweep exceeding H (1) in = 13.5 mT which is close to the value found by dc measurements in Sample B. At even higher values of the field, |H| 30 mT, the current quantization is lost again due to the eventual suppression of the S gap near the junctions as well (see Supplementary Figs. 4 ).
Theoretical analysis of pumping data. To model theoretically the excess current as a function of the field B and frequency f we calculate the electronic temperature T using a heat balance equationQ
We keep in mind that T is nearly uniform and constant in time provided the heat diffusion length L T is large compared to the size of the island R, and the heat relaxation time τ eph , determined by electron-phonon coupling, is much larger than the operating period τ 0 = 1/f , i.e., τ eph τ 0 allowing us to average the heat diffusion equation across the sample volume and over the operating period. We assume further that most of the Joule dissipation occurs inside the S island and take into account the excess pumping current I averaged over the period from the first plateau on the right hand side (see Supplementary Note 5 for details).
The value ofQ eph =Q
eph describes the heat flow rate from the electronic subsystem to phonons for a non-zero depairing parameter Γ. We calculate its valueQ (nv) eph (T ) outside the vortex core regions for any Γ combining the procedure described, e.g., in Refs. [16, 39] and the solution of Eq. (6) . For the experimental parameters
in low-temperature limit the electron-phonon heat fluẋ
decomposes into recombination ∝ e Eventually we obtain the magnetic field and frequency dependence of the measured excess current δI(T ) as
Note that the QP density near the junction is proportional to the excess current n qp = T like Andreev tunneling due to the small transparency of the junctions (see experimental results in [17] and estimates in Supplementary Note 6). By solving (3) with the substituted expressions (2, 5) we find the solution for T and δI(T ) (solid lines in Fig. 4) . We used the constant C = 1 for a fixed drive amplitude A g . The main uncertainty in the fitting procedure originates from the parameter ΣV. The volume of the S sample can be estimated based on the electron micrograph (see Fig. 2(b) Fig. 4 we present a fit for a certain middle value ΣV = 6 · 10 −12 W K −5 which is in the best agreement with the experiment at moderate frequencies. Assuming V 3 · 10 −20 m 3 we get
D(E
which is towards the low end due to the overestimated V but within the range given above. We have extracted the optimal value of the vortex core radius within the range r v = 2.5 − 2.7ξ both from the dc measurements (see Supplementary Note 3) and from the pumping data, which is in perfect agreement with the previous theoretical results [2, 3] .
Discussion
According to the theoretical model, Eq. (5), the maximal electronic temperature at A g = 1.1 and f = 30 MHz is T 370 mK. It corresponds to a number of non-equilibrium QPs N qp = n qp V 250 in the uniform state (see Fig. 1(a) ). In the field increasing from B(H) = 0 the Meissner supercurrents sufficiently improve the electron-phonon relaxation by reducing the gap E g (Γ) in the central part of the island even before the first vortex enters the island.
This leads to the at least 10−20 times reduction of the QP density near the junction when the excess current approaches the amplifier noise level. The vortex contribution is clearly seen in the decreasing field regime due to the hysteresis caused by vortices. Indeed, the vortices that entered the island at a certain value of the field stay there till smaller fields (where the effect of Meissner current is smaller) and improve the relaxation of hot QPs most effectively.
Such hysteresis allows us to see the vortex contribution alone (see the larger step in Fig. 4 at H ∼ −2 mT) and the improvement of relaxation in the two-vortex state with respect to the one-vortex state (the smaller step at H ∼ −13 mT). We estimate the recombination rate in the vortex state Γ rec f /N qp,vort as the injection QP rate f divided by the QP number In conclusion, we demonstrate effective control of the number of excess quasiparticles and their spatial distribution in a mesoscopic superconducting disc by applying a small magnetic field on it. We find that both the Meissner supercurrents and vortices entering the disc one by one each give important observable contributions to the trapping of nonequilibrium quasiparticles. We demonstrate that a single-vortex contribution is sufficient to keep the superconducting disc near equilibrium up to 30 MHz injection frequency with n qp 400 µm 
SUPPLEMENTARY NOTE 2. HOMOGENEOUS APPROXIMATION IN A MESOSCOPIC SAMPLE
The samples studied experimentally are in the dirty regime, namely ξ, where ξ = D/∆ 0 is the coherence length, D is the diffusion coefficient, is the elastic mean free path, and ∆ 0 is the superconducting gap. The quasiparticle (QP) spectral characteristics in this case can be found from the Usadel equations (see, e.g., [1] )
where g R = −g A * = cos θ(r) and f R = −f A * = −i sin θ(r) are the normal and anomalous
Green's functions (superscripts 'R' and 'A' stand for 'retarded' and 'advanced').
Considering the experimental situation of a mesoscopic superconducting sample with the characteristic size R = 0.5 µm and the coherence length ξ ∼ 100−200 nm (depending on the diffusion coefficient), we have to verify if we can neglect the gradient terms in Sup. Eq. (6).
For subgap energies the characteristic length scale of the function θ(r) can be estimated as follows:
It is natural to assume the θ(r) function inhomogeneity to be small provided ξ/ 1 − E 2 /∆ 2 > R. This condition gives us the energy interval 1−E 2 /∆ 2 < ξ 2 /R 2 ∼ 0.1, sufficient for the calculations of the electron-phonon heat flowQ eph and the thermal excitation leakage current δI for temperatures much lower than the superconducting gap. Indeed, the main contribution toQ eph and to δI is given by
Certainly the above assumption is strictly valid only for the Meissner state: inside the vortex core the gap and the anomalous Green function turn to zero at the scale of the effective core radius r v which is of order of the coherence length ξ [2] .
To avoid numerical solution of the Usadel equation we adopt in the main text the following approximate procedure. In the presence of vortices we assume that both the order parameter and θ(r) function vanish inside the vortex cores while outside the core regions we assume the θ(r) function to vary slowly and introduce, thus, its average θ over the region outside the vortex cores (omitting the spatial dependence in the notation). The deviations from the averaged order parameter ∆ beyond the cores also become small in this limit. Integrating now the above Usadel equation over the region outside the vortex cores we obtain Eq. (1) from the main text with the effective depairing parameter expressed through the superfluid
Here the brackets .. 
In the main text we focus on the case γ < 1 (Γ < ∆ 0 e −π/4 ), implying that the gap E g > 0 is non-zero.
SUPPLEMENTARY NOTE 3. DC FITTING
Using the solution of the averaged Usadel equation, Eq. (1) from the main text, one can fit the IV characteristics shown in Supplementary Figure 5 . Indeed, we consider a hybrid single electron transistor (SET), namely, a mesoscopic superconducting island tunnel coupled to the normal metal leads (NISIN). We apply a fixed bias current I bias through the normal leads and the constant gate voltage n g = C g V g /e = 0.5 to the gate electrode coupled to the island through the capacitor C g (see black and red lines in Fig. 2(c) of the main text) and measure the difference V of voltages V L,R = ±V /2 applied to the leads as a function of the magnetic field B seen by the sample.
In stationary state the current I bias flowing from one lead to another is equal in any cross section and it can be calculated in any of two junctions (for example, in the left one)
as a sum over the island charge state k of the sequential tunneling rates Γ L k→k+1 (Γ L k→k−1 ) to (from) the island through the left junction. This sum is weighted with the probability p k of system being in this charge state, which is calculated using the standard rate equation for the balance of the probability fluxes [8] [9] [10] 
in the stationary case dp k /dt = 0 with the tunneling rates
Here U ± k,i = ∓2E C (k−n g ±1/2)∓eV i are the energies gained by the electron tunneling to/from the island (being in the charge state k) through ith junction, R T /2 is the tunnel resistance of each junction. Here we focus on the magnetic field effects in the sample B (see Fig. 2 In the Sample B the tails of the wave functions localized in the vortex core(s) give a substantial contribution to the DOS and to IV curves for m = 0 at small I bias , but they are not included into the averaged model. To model this contribution we replace the DOS to a giant vortex state (see, e.g., [12, 13] ). Using these parameters one can fit V (B) quite well at all bias current values with R/r v ∼ 1.7. The optimal value of the vortex core radius r v = 2.5−2.7ξ extracted from dc measurements in the Sample B is in perfect agreement with the previous theoretical works [2, 3] . In subgap regime I bias = 1 and 10 pA the jump-like anomalies in V (B) become knee-like, but because of the above-mentioned reasons we still associate each of them with the vortex entry or exit.
SUPPLEMENTARY NOTE 4. ELECTRONIC PUMPING
The electronic pumping of the Sample B at f = 5 MHz, when V bias ≈ 120 µV and n g ∼ 0.5, is shown in Supplementary Figure 7 
SUPPLEMENTARY NOTE 5. HEAT BALANCE EQUATION
In this section we describe the theoretical model of the relaxation of QPs in applied magnetic field by using the example of NISIN SET in the turnstile regime. By applying the constant bias voltages V L,R = ±V bias /2 to the normal leads and the periodic gate voltage n g (t) = C g V g (t)/e = n 0 g + A g sin(2πf t) with a certain offset n 0 g , frequency f , and the amplitude A g to the gate electrode one can push electrons to tunnel through the system producing a time-dependent current I(t). Due to the large electron-phonon relaxation length L T R compared to the island size R we consider the heat balance equation [4] for the whole islanḋ
whereQ eph is the electron-phonon heat flow averaged over the island volume V. The power injected into the island from the junction can be written as followṡ
as a sum of the power dissipated in the S island in a single tunneling evenṫ
over the junction i = L, R through which electron tunnels and over the island charge state k. This sum is weighted with the probability p k of system being in this charge state, which is calculated using the standard rate equation for the balance of the probability fluxes Sup.
Eq. (10) . Here E S = E. Note that here and further on we neglect the difference between the electronic temperature T N in the normal metal of volume V N and the bath temperature Q N N IS at biases above the gap [14] . As a result within constant factor of order of unity the heat balance equation can be rewritten as followṡ
Within the optimal conditions of the proper turnstile shielding and optimized device geometry the averaged current I is close to its ideal value ef and the deviation δI = I − ef is mainly governed by nonequilibrium QP density in the S island near the junction
The estimates for contributions in higher orders in small parameter /e 2 R T are given in the following Note. The latter expression is written for the sample A where the S gap near the junction is close to ∆ 0 . At B = 0 the QP number N qp in the S island equals N qp = n qp V the product of n qp to the volume of the island V. The QP number
in the vortex core can be obtained from Sup. Eq. (16) by substitution of the normal state DOS n S (E) = 1 into the integral and by multiplying it by the vortex core volume
The electron-phonon heat flux under magnetic field is similar to the expression given by
with the term n S (E)n S (E + ) [ 
Here Σ is the electron-phonon material constant, and ζ(s) is the Riemann zeta function. The retarded (advanced) normal g R(A) and anomalous f R(A) Green's functions are determined by the solution of Eq. (1) from the main text, i.e.,
In the low temperature limit T 0 , T E g /k B the main contribution to Sup. Eq. (17) arises from the energies 0 < |E| − E g k B T close to the hard gap value ±E g , which can be calculated using the following expansion of n S (E) and b(E) over the small positive parameter
Here Θ(x) is the Heaviside theta-function.
Substituting Sup. Eqs. (18, 19) into Sup. Eq. (17) and taking into account only the leading terms in the small parameter k B T /E g we obtaiṅ
T e
for rather large electronic temperatures
Note that the recombination term (∝ e −2Eg/k B T ) dominates at k B T > 0.1E g and should be taken into account. In the opposite case
Here the recombination term is of order of the scattering term (∝ e −Eg/k B T ) at k B T ∼ 0.3E g .
In both cases as the temperature becomes of the order of the gap one have to use full numerical expression given by Sup. Eq. (17).
SUPPLEMENTARY NOTE 6. EXCESS CURRENT AS A FUNCTION OF ELEC-TRONIC TEMPERATURE
To calculate our main observable, the leakage current δI = I−ef in the NISIN turnstile we use the simplified version of the master equation given in Sup. Eq. (10) for low temperatures taking into account only two charge states k = 0 and k = 1 dp
with the tunneling rates given in Sup. Eq. (11) in the subgap regime |U + 0,i | < E g given by
contains the exponentially growing part with U which determines the dominant tunneling rate with maximal U for each time instant.
We consider the offset n 0 g = 0.5 for simplicity and use the symmetry of the drive n g (τ 0 − t) = 1 − n g (t) focusing on the first half of the period with n g increasing from 0.5 − A g to 0.5 + A g . We assume that before the time instant t 1 the island is discharged k = 0 due to the domination of rate Γ R 1→0 among the others and the charging process is started at t = t 1 . The probability P 0 (t) to stay in the state k = 0 is decreasing with time t > t 1 as
For typical frequencies the charging process occurs not far from n g = 0.5, therefore further we linearize the drive n g (t) ≈ 0.5 + 2πA g (f t − 1/4). As the island has been charged P 0 (t * ) = 1 (let's take = 1/2 for definiteness) the leakage current starts to flow. The number of excess electrons N l through the island can be written as the integral of the largest subleading rate Γ R 1→0 (t) governing the leakage current over the time interval t * < t < t 2 before this rate becomes the dominant one
The leakage current can be calculated as follows δI 2ef N l , where '2' accounts for the leakage during the second half of the period due to the symmetry k ↔ 1 − k and L ↔ R.
By substituting Sup. Eq. (23) in Sup. Eqs. (24, 25) and calculating the time instants t 1 = τ 0 − t 2 and t * one can come to the result
where a = ln
for n g (t 1 ) = n g (t 2 ) = 0.5 at low enough electronic temperature Note that we neglect also the contributions of higher orders in the small parameter /(e 2 R T ) like Andreev tunneling (see, e.g., [17, 18] ) due to rather large tunnel resistance of the sample contacts. Indeed, from the experimental side the attribute feature of Andreev tunneling is the additional peak in the beginning of each current plateau I = nef [17] which is not observed in all pumping measurements of this paper. 
